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1.0 INTRODUCTION

Arcjets are expected to play an increasing role in satellite propulsion needs, primarily for
stationkeeping and on-orbit maneuvering in the near term. While the technology is considered
viable enough to be deployed on a Telstar IV communications satellite for stationkeeping, arcjet
technology is far from maturity. To compete successfully with chemical propulsion systems for
on-orbit missions, further improvements in arcjet propulsion systems are still required.> If needed
improvements in the performance level and efficiency of arcjets are to be achieved, an increased
understanding of the fundamental physical processes that govern the operation of an arcjet is
essential. In addition, the ability to predict the plume behavior of a space propulsion device is
necessary for prediction and amelioration of damaging plume-spacecraft interactions.

Significant arcjet energy loss results from velocity profile losses due to thick internal boundary
layers in the arcjet nozzle and from frozen flow losses such as molecular dissociation. To quantify
profile losses, both gas velocity and density distributions must be known. In addition, arcjet
models, which are necessary for timely and cost-effective design improvements, must be tested by
comparing them to key physical parameters.

For measuring excited-state atomic hydrogen velocity and temperature, excited-state laser-
induced fluorescence™* has proven to be accurate and essentially nonintrusive. Though the
excited states of hydrogen are more easily accessible, most atoms in the plume region are
expected to be in the ground state. The ability to measure ground-state atomic hydrogen
temperature and velocity in addition to density would allow examination of any differences in
temperature and velocity between the excited-state and ground-state species in the nonequilibrium
arcjet plume environment. Moreover, computational calculation of thruster efficiency is based on
momentum flux, so that exhaust density as well as velocity must be known.

At present, only limited inroads have been made into the problem of plume density measurements.
For hydrogen arcjet thrusters, determination of species density has previously only been
accomplished through the use of absorption spectroscopy techniques.>® These vacuum- and
extreme-ultraviolet spectroscopy approaches are quite difficult to implement in practice and are
limited to determination of line-of-sight averaged number densities at downstream locations in the
plume where the optical depth is not high. These techniques have not been applicable in the
determination of atomic density profiles at the thruster nozzle exit, data that are desired in order
to calibrate and verify recent advanced computational arcjet modeling results.”

The density of atoms relative to the density of molecules in the arcjet thruster is an indication of
how much energy is lost into dissociation of the hydrogen molecules and not recovered through
recombination into translational kinetic modes. To determine the molecular dissociation fraction
and the significance of this energy loss mechanism, the molecular species density, as well as the
atomic number density, need to be known. The recent use of Raman spectroscopy™>'* in an arcjet
plume has provided the first information on molecular hydrogen densities at the arcjet nozzle

plane.



It has become obvious that there is a need for determination of atomic ground-state hydrogen
densities at the nozzle exit of the hydrogen arcjet to support ongoing modeling efforts and to
quantify the significance of frozen flow losses such as molecular dissociation.

In this work, the approach taken for density measurement is two-photon laser-induced
fluorescence.

Several of the computational approaches to arcjet simulation are, in principle, time-accurate.
Therefore, they may be used to investigate instability or fluctuations in arcjet operation (arc length
fluctuation, rotation of anode attachment spot, etc.). These time-dependent phenomena may be
inherent to arcjet operation or may be caused by interaction with the power-processing unit.
However, experimental diagnostic techniques such as laser-induced fluorescence perform time-
averaging and, thus, give results averaged over any fluctuations.

To address this, a time-resolved technique, current-modulation velocimetry, which has
demonstrated significant fluctuations in arcjet plume velocity, was developed under this contract.

2.0 WORK PERFORMED

2.1 Two-Photon Laser-Induced Fluorescence

2.1.1 Introduction. Recent advances in flame diagnostics indicate that methods used for
observing concentrations of atomic hydrogen in flames using two-photon or multiphoton laser-
induced fluorescence (LIF) may be applicable to arcjet plumes. This part of the work consists of
examination of these techniques and their application to the measurement of ground-state
hydrogen atom concentrations.

Observing atomic hydrogen during its lifetime in a nonintrusive manner often involves optical
detection of the emission from radiating excited electronic states or the measurement of photon
absorption through a population of atomic hydrogen. Inducing the fluorescence with laser light
tuned to a specific transition frequency, i.e., LIF, can allow information on the species
participating in the electronic transition to be inferred. Usually, the excited states of hydrogen are
probed as the excited-state transitions are more accessible to laser equipment currently available
and can be detected in the visible wavelength range.

In a nonequilibrium plasma such as the arcjet plume, the excited-state population of atomic
hydrogen cannot be used to infer the ground-state hydrogen population. Therefore, it is necessary
to identify a direct method of probing the ground state of hydrogen.

In the flame environment, atomic hydrogen plays an important role in the chemistry of most
combustion processes. Measuring ground-state hydrogen profiles in premixed flames is
considered critically important in understanding how to best model the combustion processes of
flame chemistry. The development of laser diagnostics to non-intrusively probe ground-state




hydrogen atoms has been explored in depth during the last decade to facilitate these
measurements.

Research in this field has centered on three excitation schemes of ground-state hydrogen: two-
photon direct excitation, three-photon direct excitation, and two-step, three-photon excitation.
The last scheme was developed at Sandia National Laboratory; work on the other two schemes
has also been examined in detail at Sandia as well as at numerous other institutions. An overview
of these schemes is given in the following sections.

Researchers at Sandia’>> examined the uses of multiple-photon stimulated emission to promote
ground-state radicals to an excited state whereby emission in the visual wavelength region could
be detected. Problems inherent in the technique were investigated and included the dependence of
the emission signal on three parameters: laser power, ambient gas pressure, and the spectral shape
of the stimulated emission. Multiple-photon excitation schemes were found to have increased
sensitivity to each of these parameters compared with standard single-photon laser-induced
fluorescence. :

This diagnostic approach to the hydrogen atom was demonstrated using a two-step method where
a two-photon transition was used to excite the ground state of hydrogen to the first excited state
(n=2) and then a resonant detection scheme, requiring a second laser, excited some of those
placed in the first excited state to the second excited level (n=3) via a single-photon transition.
The resulting decay from n=3 to n=2 was observed.

The n=1 to n=2 transition requires a single photon at a wavelength of 121.5 nm or a two-photon
transition at 243 nm (the absorption cross-section for a two-photon transition is substantially
smaller than for a single-photon transition and will be discussed later in Section 2.1.2). The latter
wavelength is more desirable for two reasons. The 243-nm light is much more easily created with
the laser technology available today (including doubling/tripling crystals and pressure cells) and
wavelengths below 200 nm are easily absorbed by the atmosphere and require a vacuum path for
the entire path of the beam.

To complete the two-step method, an additional 656-nm beam promoted those atoms that were
previously excited (based on the cross-section probability) to n=3. Subsequent detection of 656-
nm emission was observed.

Comparison of this technique with direct two-photon and three-photon schemes was conducted
by researchers at Sandia and found to provide more accurate results for rich hydrocarbon
flames, though the results for most simple flames were identical. The two-step technique may be
more difficult to implement than the other techniques since it requires two lasers (though a
variation using different transitions can be accomplished with only one laser), making the
experiment more complex and costly.

One of the side effects of the multiphoton direct excitation techniques in hydrogen is that they
directly promote ground-state electrons to the second excited level, causing a potential population
inversion between the first excited state and the second excited state. This takes place only along




the line of irradiation by the ultraviolet laser beam (typical for irradiation of ground-state
hydrogen atoms) and can lead to the creation of an additional laser beam (in the visible for
hydrogen when, for example, Ha radiation is initiated) along the path of the initial beam. This
reabsorption of emitted photons can cause a problem if a measurement is attempting to create an
analog between light collected and the density of emitters and must either be accounted for or

avoided.

Researchers at Sandia were the first to examine this optically excited stimulated emission
(sometimes called amplified spontaneous emission or ASE) and its relationship to the multiphoton
fluorescence diagnostic. One of the important observations was that while the fluorescence due
to the excitation followed a laser power-squared behavior, the ASE fluorescence went as laser
energy to a higher exponential power, so that it could dominate at higher laser energies and drop
to an insignificant process at lower laser energies.

The use of ASE itself as a diagnostic was examined, but its line-of-sight nature and the
requirement of transition saturation before a linear relation between species density and signal is
observed led to difficulties in application.

To use the multiphoton diagnostic technique as a measure of atomic hydrogen density, a
correlation between the number of emitters and the measured fluorescence is required. A process
that can prematurely depopulate atoms excited by the diagnostic is collisional quenching due to
even a moderately high-pressure environment. Sandia looked at the time-resolved fluorescence
decay of the atomic hydrogen in low pressure flames (20 mtorr) to examine the relationship of
pressure to quenching for this diagnostic technique and characterized the relationship between the
fluorescence decay times and the expected attenuation of the emitted fluorescence. Changes in
pressure, and correspondingly in quenching, can be determined through observation of changes in

fluorescence decay times of the LIF.

Relative hydrogen density measurements were compared with flame models using these
techniques and the results were found to agree well. However, it was not known if calibrated
atomic hydrogen density measurements were made at Sandia.

At the University of Stuttgart,?*?’ detailed examinations of quenching, excitation linewidth, and
fluorescence calibration for two-photon LIF diagnostics on atomic hydrogen in flames have been
performed. Direct two-photon LIF at 205 nm was implemented to promote ground-state
hydrogen atoms to the n=3 excited state where n=3 to n=2 (Hox) fluorescence was observed. Key
to the work performed at Stuttgart was detailed calibration of the fluorescence using a calibration
cell containing atomic hydrogen created from a microwave discharge. Hydrogen densities in the
cell were determined using a chemical gas titration technique, discussed in Section 2.1.3.

This technique was successfully demonstrated near a heated filament where pressures ranged from
1 to 100 mbar (100 to 10,000 Pa) and the hydrogen source came from a 5% CH. chamber
environment. Quenching effects were calculated in pressure ranges above 10 mbar and
determined from fluorescence lifetime decay rates at lower pressures as described earlier in this

section.




Researchers at Ohio State University’® have also done several similar multiphoton LIF
experiments. Of interest in this work is additional attention to detail involving chemical titration
calibration of two-photon LIF and corrections for collisional quenching. Atomic hydrogen
density is determined in a calibration cell using titration of small amounts of NO, to chemically
react with hydrogen atoms present in the cell. Additionally, the fine structure of the n=3 state of
atomic hydrogen was examined in order to determine the unquenched radiative lifetime of this
excited state when populated by a two-photon excitation process. This lifetime is important in
determining the correction factor applied to a quenched signal through measurement of
fluorescence decay.

Kyushu University***" closely compared four different two-photon excitation schemes. They
found that unless hydrogen densities are very low (<10" cm™), losses in detecting vacuum
ultraviolet emission require the use of fluorescence emission in the visible to detect hydrogen
atoms, which constrains the choice of excitation level to either the n=3 or n=4 excited state. Of
these options, the Kyushu group determined that two-photon excitation into the n=3 level and the
subsequent observation at the Ha wavelengths produced the largest number of fluorescence
photons per incident laser photon. This also was the best choice if molecular dissociation due to
the incident laser was to be avoided and if incident intensities were to be kept low (to avoid ASE,
for example). In addition, two-photon excitation from n=1 to n=3 also appeared to be the least

.sensitive to collisional quenching of the four techniques that were examined. Because of all of the

above advantages, it appeared that for an environment somewhat similar to that in electric
propulsion plasmas, the two-photon to n=3 scheme appeared to be the technique of choice.

2.1.2 Laser-Induced Fluorescence — General Discussion. LIF spectroscopy has gained wide
acceptance in the past two decades as a diagnostic technique that generates measurable
fluorescence from a small species population that otherwise might not be detectable.*?
Fluorescence, the spontaneous emission of radiation from upper energy levels, is observed when a
population increase of an upper level is created through photon absorption, particle collision, or
many other interactions, and then emits photons as the level relaxes to a lower population (see
Fig. 1). Increasing the population of selective upper levels can be obtained by exciting specific
lower levels of the species with the coherent light of fixed frequency. This excitation process
(usually accomplished with laser light) can increase the population of the upper level for a set
duration based on the population of the lower level. Fluorescence resulting from the increased
population during pumping is often significantly larger than without the excitation pumping,
providing a means of observing small species populations. This also allows investigation of the
populations of the lower energy levels that are used to supply the upper levels.




Figure 1
Absorption and Emission of Photons in LIF

Laser light used for the excitation process must be of the specific frequency that corresponds to
the energy difference between the lower and upper levels of the transition being probed. To
create laser light at the specific frequency required for many different transitions, tunable dye
lasers are often employed to allow probing in the range from 200 nm to 1.5 mm. Probing in
regions around and below 200 nm is often difficult due to atmospheric absorption, but can be
avoided through the use of multiphoton processes.

Multiple photons of a frequency related to a transition spacing by an integer multiplication can
induce the transition to take place. A weaker excitation cross-section is typical for multiphoton
transitions when compared to the cross-section for the transition with single photons.

To perform LIF on a particular species, several criteria must be met. To properly account for the
fluorescence detected from the excitation, the molecule or atom in question must have a known
emission spectrum. Processes such as dissociation from the excited state can affect the
fluorescence that is measured and sometimes even prevent it from being detected at all. This is
also important if the fluorescence produced from exciting the species is to be related to the
intensity of the pumping or the density of the species in the lower levels.

Methods for creating the light needed to pump the transition must also be available. Tunable
coherent light sources are desired for use in LIF because of the need to match frequencies to
atomic and molecular transitions and scan across the transition frequencies to learn information
about fine structure, intensity, linewidth, etc. In different spectral ranges, different tuning
methods have been developed to initiate the desired light. Devices spanning these ranges include
semiconductor diode lasers, tunable gas lasers, pumped dye lasers (both pulsed and continuous-
wave), and excimer lasers.”

The radiative decay rate from the upper excited state must be known, since the fluorescence
power is proportional to that rate’* Moreover, as other species are present, a decrease in




excited-state population may occur due to factors other than spontaneous emission such as
collisions and laser-induced chemistry. To determine species number density from the measured
fluorescence, these quenching processes must be taken into account.

In the simplified case (Fig. 2) of a two-level energy system with a lower level (n=1) and an upper
level (n=2), the rates for the optical and collisional processes connecting the two levels can be
described by four processes and their rate coefficients: stimulated absorption (b;), stimulated
emission (b;), spontaneous emission (4), and quenching (). The Einstein A and B coefficients
are related to these rates in the following manner. The spontaneous emission is given by the A4
coefficient and the stimulated rates are related to the B coefficient through the following
expression (degeneracies of the levels are ignored):

b,=b,=— ey

where /, is the spectral irradiance, defined as the incoming laser intensity per unit frequency
interval, and c is the speed of light. The stimulated rates thus depend on the incident laser
intensity, linewidth, and pulse duration, as well as on the specific transition.

n=2
n=1

Figure 2
Two-Level Energy Diagram Showing Excitation and Relaxation Processes

The rate equations for the change in population of the two states can be written utilizing these
four parameters and the populations N; and N; of the respective levels:

dN
—d—tl=—N,b12+N2(b2, +A+0) (2)
and
dN.
dt2 = +N1b12 ’"Nz(bzl +4+0). 3)




where Equations (2) and (3) allow the determination of each level’s population. For the closed-
system case examined, the population rate equations could be coupled assuming population
conservation. By substituting for N; and then integrating, a relation for the upper-state population
based on an exponential term in time results,*” given by

= b Ny (1 — e~ (Butb, +-4+Q)t) @
2 b, +by +A+Q

where N, = N, + N, is the total population and is equal to the sum of the initial populations, and ¢

is time. As the steady state is approached, i.e., as the exponential term approaches zero, the
population of the upper level approaches the constant value

e ] ©
12+ 2]+A+Q

This can be rearranged, using Equation (1), to

_ b, 1 _ N,
Nz"N’(b +b ) A+Q I ©
12 7%/ 14 al14ly
b, +b, 1,

where the saturation spectral intensity, 73, is defined by

== A0 7
2B

Thus, for the closed system case, after a time greater than the exponential characteristic time, the
upper level population can be described by the ratio of spectral intensity to its saturation value.

Another approach for a more realistic system is to assume a steady state in the population of two
levels and solve for the population by setting the two rates equal to zero. However, a steady state
may not be achieved when laser pulses are short and laser intensities are small such that quenching

processes dominate.

The observed fluorescence, F, is given by the population of the upper level, the spontaneous
emission rate, the frequency of the emitted photon, and the physical irradiation volume of the laser

light:

F=hvN,A ﬁV ®)
4T




where hv is the photon energy, Q is the collection solid angle, and V is the volume comprised of
the focal area of the laser beam and the length over which the fluorescence is observed. For a
given optical setup probing a given transition of a particular species, the fluorescence varies only
with N,.

Transitions of interest are often found where excitation would require photons with a wavelength
below 200 nm. Not only is excitation of these transitions difficult due to the absence of tunable
wavelength lasers available in this range, but it is also difficult to implement because of the strong
absorption at these wavelengths by the air in the laboratory and by other gases that may be
present inside a test facility. Consequently, when transitions below 200 nm are intended to be
pumped, a multiphoton approach (usually two or three photons) is used. Two-photon cross-
sections are quite small. However, photons with half the frequency or double the wavelength can
be much easier to create in the laboratory. Stimulated emission of an atom that has been excited
by the two-photon process can be neglected, since it is collinear with the exciting radiation. For a
two-photon process, Equation (3) becomes

dN.
=N, = N, (44 Q) ©

where W, is the two-photon cross-section.

Two-photon cross-sections have been measured and reported in literature® and cannot be directly
related to single-photon cross-sections because of their representation of different processes and
different units. As a rough rule of thumb, under common conditions an order of magnitude more
laser intensity is required for signals similar to standard LIF when using a two-photon scheme on
atomic species in an atmospheric flame.

Fluorescence due to a two-photon absorption is quadratically related to laser power, while the
excited-state population is affected by quenching linearly as in single-photon fluorescence.

The specific problem of excitation of the ground state of hydrogen to its excited states requires a
single photon below 200 nm or a two-photon excitation using wavelengths that are greater. Since
this excitation is intended for use as a diagnostic technique, detection will be important so
excitation to the second excited state (n=3) or third excited state (n=4) will be desired as
relaxation to the first excited state from either of these states can be detected in the visible
wavelength range (656 nm for n=3 — n=2, 486 nm for n=4 — n=2) . Excitation to the second
excited state of hydrogen and the resulting fluorescence is shown in Figure 3.
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Figure 3

Two-Photon Excitation of the Ground-State Hydrogen Atom to »=3
and the Resulting Fluorescence
(Figure not drawn to scale)

One-photon excitation to the second excited state requires 102.5-nm photons, while a two-photon
transition requires a wavelength of 205 nm, much more easily created in the laboratory through
doubling or tripling of 410-nm or 615-nm laser light, which is readily available using tunable dye

lasers.

One of the problems of the scheme of Figure 3 is the population inversion created between the
first and second excited states when directly pumping ground-state atoms to the second excited
state. This inversion serves as a gain medium for the 2-3 transition along the path of laser
stimulation. The resulting ASE complicates the interpretation of the fluorescent signal and can
actually create a new laser beam in the hydrogen being probed along the path of the 205-nm two-
photon excitation beam.?’

Two methods of exciting the ground state of atomic hydrogen involving three-photon excitation
have been reported.”? One involves populating the first excited state with two photons and then
populating the second or third excited state with a photon of another wavelength, thus avoiding
the population inversion problem and ASE. Another three-photon method involves directly
populating the second excited state with three photons of the same wavelength.

Two-step LIF on ground-state hydrogen atoms uses two 243-nm photons to promote ground-
state atoms to the first excited state, while a second photon at either 486 nm or 656 nm excites
the atom in the first excited state to the third or second excited state, respectively. This is shown

in Figure 4.
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Figure 4

Two-Step, Three-Photon Excitation Schemes
(Figure not drawn to scale)

These techniques are more difficult in two respects. First, two-step excitation requires resonant
detection. In other words, the light being detected is at the same wavelength as one of the laser
beams and cannot be spectrally separated. The fluorescence is only separated temporally from the
laser beam on a timescale related to the Einstein coefficients of the depopulation of the chosen
excited state. Scattered laser light can interfere with measurement of the fluorescence signal,
especially in low-signal situations, and make detection extremely difficult. Second, both
techniques require a second photon to continue the excitation process once the first excited state
is populated. This requires the two lasers to overlap the detection area, both spatially and
temporally, for the full excitation to occur.

In the case where the second step is accomplished by a 656-nm photon, a second laser is required.
If a 486-nm beam is used, one laser can produce 486 nm and some part of the beam can be
doubled for 243 nm. This requires only one laser, though it must have enough energy per pulse to
support each of the transitions in the environment being probed. This method is called single-
laser two-step excitation and is the preferred implementation of the two-step techniques.

Two-step techniques avoid population inversions associated with other two- and three-photon
excitation schemes, but add an additional layer of difficulty in both implementation and
understanding of what is being probed. Instead of exciting the ground state directly to a level
where fluorescence takes place, two-step excitation excites atoms to an intermediate level where
they are then excited again at some rate to a higher excited state. If density measurements are to
be made using this technique, a method for understanding the total cross-section of the excitation
must be developed. Promotion to the final excited level occurs according to the convolution of
the two laser lineshapes. This becomes even more difficult if the gas being probed is moving at
high velocities (~km/s) with respect to the incoming photons, so that Doppler shifis are
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significant, as in the arcjet plume environment. The first beam will excite atoms according to their
relative velocity as well as density, while the second beam will also excite some part of those by
velocity from a group that has already been selected by velocity. Tying the laser scan rates
together by wavelength (or using one laser for both beams) may allow this problem to be

overcome.

The other scheme found in the literature involves using three photons to probe ground-state
hydrogen atoms.? Three photons at 292 nm together excite the gro